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Characterization of Elementary Ca21
Release Signals in NGF-Differentiated
PC12 Cells and Hippocampal Neurons
is released from the ER via inositol 1,4,5-trisphosphate re-
ceptors (InsP3Rs) or ryanodine receptors (RyRs). InsP3Rs
are synergystically triggered by InsP3 and Ca21, while
RyRs respond to Ca21 and the intracellular messenger
cyclic ADP ribose (Berridge, 1993).
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Cambridge CB2 4AT Many of the functions of Ca21 in neuronal signaling
are achieved by generating highly localized Ca21 signals.²Department of Zoology
University of Cambridge For example, most neuronal input occurs at the myriads
of spines that function as microprocessors within theCambridge CB2 3EJ
³Department of Pharmacology brain. These spines can function as chemically and elec-
trically isolated compartments, so that Ca21 signals aris-University of Cambridge
Cambridge CB2 1QJ ing via VOCCs or ROCCs do not diffuse readily into
dendritic shafts or between different dendrites (Eilers etUnited Kingdom
al., 1995; Petrozzino et al., 1995; Yuste and Denk, 1995;
reviewed by Denk et al., 1996; Eilers et al., 1996).
In addition to spatially restricted Ca21 transients aris-Summary
ing from Ca21 influx, Ca21 release from the ER can also
generate localized signals, such as the ªelementaryºElementary Ca21 release signals in nerve growth fac-
Ca21 release events arising from the opening of clusterstor± (NGF-) differentiated PC12 cells and hippocampal
of RyRs or InsP3Rs. Examples of these elementary Ca21neurons, functionally analogous to the ªCa21 sparksº
release signals are the ªCa21 sparksº in cardiac muscleand ªCa21 puffsº identified in other cell types, were
cells (Cheng et al., 1993; Lipp and Niggli, 1994; LoÂ pez-characterized by confocal microscopy. They either oc-
LoÂ pez et al., 1995) and the ªCa21 puffsº in Xenopuscurred spontaneously or could be activated by caffeine
oocytes (Yao et al., 1995) and HeLa cells (Bootman etand metabotropic agonists. The release events were
al., 1997a). Essentially, elementary Ca21 signals havedissimilar to the sparks and puffs described so far,
two functions; they can stimulate processes in the vicin-as many arose from clusters of both ryanodine recep-
ity of the channels, or multiple elementary Ca21 signalstors (RyRs) and inositol 1,4,5-trisphosphate receptors
can become coordinated to yield global Ca21 signals,(InsP3Rs). Increasing either the stimulus strength or
thereby activating effectors throughout a cell.loading of the intracellular stores enhanced the fre-
Several lines of evidence suggest that elementaryquency of and coupling between elementary release
Ca21 signals may be important in neuronal function.sites and evoked global Ca21 signals. In the PC12 cells,
Electrophysiological studies of various neurons havethe elementary Ca21 release preferentially occurred
identified rapidly flickering increases in Ca21-dependentaround the branch points. Spatio-temporal recruit-
K1 conductances, denoted ªspontaneous miniature out-ment of such elementary release events may regulate
wards currentsº (SMOCs), that most likely arise via theneuronal activities.
activation of a few K1 channels by a Ca21 spark immedi-
ately beneath the plasma membrane (Satin and Adams,Introduction
1987; Marrion and Adams, 1992). Similar activities have
been described in smooth muscle, where the hyperpo-Ca21 is a ubiquitous intracellular messenger, controlling
larization associated with K1 channel activity helps themany activities in both excitable and nonexcitable cell
muscle to relax (Porter et al., 1998). Neuronal SMOCstypes (Berridge, 1993; Petersen et al., 1994; Clapham,
may serve a similar function by reducing membrane1995; Berridge et al., 1998). In neurons, Ca21 regulates
excitability.functions including development, excitability, secretion,
and memory (Berridge, 1998). Entry of Ca21 across the In many neurons, bursts of action potentials are inter-
plasma membrane via voltage-operated Ca21 channels rupted by long lasting after hyperpolarizations (AHPs),
(VOCCs) and receptor-operated Ca21 channels (ROCCs) which serve to regulate their firing frequencies (An-
is known to be important in generating neuronal Ca21 dreasen and Lambert, 1995; Davies et al., 1996). Some
signals. However, although influx has long been re- AHPs display several current components, arising from
garded as the principal Ca21 source in neurons, the the activation of different K1 conductances (Davies et
significant role of Ca21 release from the endoplasmic al., 1996; Vergara et al., 1998). Temporal summation of
reticulum (ER) is becoming apparent (Simpson et al., SMOC activity is probably responsible for the slow after
1995; Berridge, 1998). hyperpolarizations (sAHP) observed in many neurons.
The ER is a continuous network that extends through- Consistent with this notion, many stimuli that affect Ca21
out the axon, soma, dendrites, and spines (Spacek and storage/release from the ER modulate sAHPs (reviewed
Harris, 1997) and is therefore uniquely placed to gener- by Berridge, 1998). However, the Ca21 signals associ-
ate Ca21 signals in every compartment of a neuron. Ca21 ated with neuronal SMOCs and sAHPs have not been
visualized.
Elementary Ca21 release signals in neurons may also§ To whom correspondence should be addressed: (e-mail: martin.
bootman@bbsrc.ac.uk). regulate the secretion of neurotrophins (BloÈ chl and
Neuron
126
Thoenen, 1996). To trigger exocytosis, the subplasmal- Elementary Ca21 signals could also be evoked in PC12
cell neurites by applying the InsP3-generating agonistlemal Ca21 concentration must exceed several micromo-
lar. In the case of Ca21 release, such high concentrations bradykinin (Figure 1B). As for the caffeine responses
described above, the elementary events induced by bra-can only be achieved at places where the ER and plasma
membrane are in close proximity. Such close apposition dykinin were highly localized and often occurred repeti-
tively (Figure 1Bc). Furthermore, repeated applicationof the two membranes has been described for several
neuronal types (reviewed by Berridge, 1998). These ex- of bradykinin triggered Ca21 signals at the same neuritic
locations (data not shown). Bradykinin and caffeine alsotensions of the ER, known as subsurface cisterns
(SSCs), bring the membranes within 20 to 80 nm of each evoked elementary Ca21 signals in the absence of exter-
nal Ca21 (data not shown), suggesting that these eventsother. SSCs have also been observed in gonadotrophs,
which respond to pulsatile Ca21 release signals with were caused by Ca21 release from the ER rather than
Ca21 influx.bursts of exocytosis (Tse et al., 1997).
A further function of elementary Ca21 signals in neu- Such localized Ca21 signals could theoretically arise
simply owing to a patchy distribution of RyRs or InsP3Rs.rons may be to generate Ca21 waves, which could propa-
gate between various neuronal compartments. In other However, increasing the concentration of caffeine (.5
mM) or bradykinin (.30 nM) applied to the cells evokedcell types, it has been shown that Ca21 waves arise via
the spatially and temporally coordinated recruitment of global Ca21 release signals (e.g., Figures 1Ac and 1Ad).
Since InsP3Rs are inhibited by caffeine, the globalizationelementary Ca21 release sites (Bootman et al., 1997b;
Callamaras et al., 1998; Keizer et al., 1998). Such Ca21 of caffeine-evoked signals was probably due to the
widespread activation of RyRs. In the case of bradykinin,waves propagate in a nondecremental saltatoric man-
ner, via a process of Ca21-induced Ca21 release (CICR), prestimulation of the cells with caffeine (40 mM) and
ryanodine (10 mM), a treatment previously shown to in-whereby Ca21 released during an elementary event dif-
fuses to neighboring release sites and causes them to hibit RyR function in nondifferentiated PC12 cells (Cheek
et al., 1994), did not inhibit the global spreading of theactivate. Ca21 waves propagating between different
compartments have been observed in various neurons Ca21 signal (although it did marginally reduce the ampli-
tude of bradykinin-evoked signals). These data suggest(e.g., Jaffe and Brown, 1994; Lorenzon et al., 1995).
Although the fine structure of such neuronal Ca21 waves that both RyRs and InsP3Rs are expressed throughout
all neurites and that the elementary Ca21 signals reflecthas not been examined in detail, a similar sequential
recruitment of elementary Ca21 release sites within the the local activation of release sites with the highest sen-
sitivity. In addition to caffeine- and bradykinin-evokeddendrites and soma could also underlie neuronal Ca21
wave propagation. Ca21 signals, many cells displayed spontaneous ele-
mentary Ca21 release events. Such spontaneous eventsPC12 cells have been used extensively as a neuronal
model, since they exhibit many of the functions ob- were usually much less frequent than those observed
during agonist stimulation (see below).served in neuronal primary cultures, such as excitability,
secretion, and expression of metabotropic and iono-
tropic receptors. A significant advantage of this cell line
Mapping and Comparison of RyR- andis that the cells can be differentiated to adopt a neuronal
InsP3R-Evoked Elementarymorphology by using nerve growth factor (NGF). Pro-
Ca21 Release Siteslonged treatment (.1 week) with NGF causes the cells
The distribution of caffeine- and bradykinin-sensitiveto develop extensive neurites resembling neuronal den-
elementary Ca21 release sites was investigated by se-dritic trees. Furthermore, individual cell bodies and their
quentially stimulating individual cells with low concen-extending neurites can be identified. In the present
trations of each agonist, as illustrated in Figure 1B. Thestudy, we describe elementary Ca21 release events aris-
areas bounded by dashed lines in Figure 1Bb depict 6ing via RyRs and InsP3Rs in NGF-differentiated PC12
out of 14 neuritic regions that responded to caffeinecells and in cultured hippocampal neurons.
and/or bradykinin. The corresponding Ca21 signals are
plotted in Figures 1Ba and 1Bc. Three different types
of elementary Ca21 release sites were identified: (1)Results
those that responded only to caffeine (e.g., regions 2
and 4 in Figure 1Bb), (2) sites responding only to bradyki-Elementary Ca21 Release Signals in
NGF-Differentiated PC12 Cells nin (e.g., region 5 in Figure 1Bb), and (3) sites where
both agonists caused elementary Ca21 signals (e.g., re-Application of low concentrations (#1 mM) of the RyR
agonist, caffeine, evoked spatially restricted Ca21 sig- gions 1, 3, and 6 in Figure 1Bb). These data indicate
that the most sensitive RyRs and InsP3Rs, which arenals in the majority of cells (.90%, n 5 150) (Figure 1A).
These elementary Ca21 signals were brief events that responsible for such elementary events, can occur in
isolation or share a common location.propagated only short distances. Such elementary sig-
nals occurred at various locations along the length of The caffeine- and bradykinin-evoked elementary Ca21
signals had a similarly short duration and limited spatialthe neurites, but they were not observed in all neurites.
The elementary Ca21 release sites appeared to be differ- spread, as illustrated in Figure 2. The line scan plots
and traces in Figures 2A and 2B depict the responsesentially active, with some displaying multiple events
(e.g., trace 1 in Figure 1Ad), while others showed a lower of a PC12 cell that was sequentially stimulated with low
concentrations of caffeine or bradykinin (the cell wasactivity (e.g., traces 2 and 3 in Figure 1Ad). Repeated
application of caffeine triggered elementary Ca21 signals quiescent before stimulation; data not shown). Several
locations responded to the agonists, and two distinctat the same locations (see below).
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Figure 1. Caffeine- and Bradykinin-Evoked
Elementary Ca21 Signals in NGF-Differenti-
ated PC12 Cells
(A) illustrates elementary Ca21 signals in adja-
cent neurites of a single PC12 cell stimulated
with caffeine as shown by the bars in (Ad).
(Aa) shows the neuritic tree and depicts the
regions from which the elementary Ca21 sig-
nals shown in (Ad) were recorded. The [Ca21]i
in the regions shown by numbered circles in
(Aa) are shown in the correspondingly num-
bered traces in (Ad). (Ab) illustrates an ele-
mentary Ca21 signal occurring in one part of
the neuritic tree (marked by arrows). (Ac) de-
picts the global [Ca21]i increase evoked by
application of 20 mM caffeine. The vertical
arrows in (Ad) indicate the times at which the
images in (Aa), (Ab), and (Ac) were obtained.
(B) illustrates the localization of caffeine- and
bradykinin-evoked elementary Ca21 signals
in parts of the neuritic tree of a single PC12
cell. The elementary events were triggered
by application of caffeine or bradykinin as
shown by the bars in (Ba) and (Bc). The cells
were left to recover for 5 min between the
caffeine and bradykinin applications. The
dashed areas in (Bb) depict 6 of 14 similarly
sized regions that responded to either ago-
nist. The corresponding Ca21 signals in these
regions are depicted by the traces in (Ba)
and (Bc).
neurites linked by a branch point, with one limb re- To compare the characteristics of the caffeine- and
bradykinin-evoked responses, similar recordings tosponding to 0.9 mM caffeine and the other limb to 30
nM bradykinin, were chosen for further analysis. A line those shown in Figure 2 were obtained from 18 different
cells. The cumulative data in Figure 2C show that thescan analysis of the caffeine-sensitive neurite revealed
two release sites that produced repetitive elementary elementary Ca21 release events evoked by the two stim-
uli did not differ significantly in amplitude, time-to-peak,events (Figures 2Aa and 2Ab). Interestingly, the upper
trace in Figure 2Ab shows that one site produced two or time constant for their decay (Figures 2Ca±2Cc). The
caffeine- and bradykinin-evoked events did, however,temporally distinct elementary Ca21 signals, while the
other site produced a flurry of events in quick succes- significantly differ in their lateral spreading (Figure 2Cd).
sion. A surface plot of the neurite at the peak of the
caffeine-evoked elementary event (Figure 2Ac) shows
the restricted spreading of the Ca21 signal. Elementary Ca21 Release Sites Are Closely
Correlated with Neuritic Branch PointsBradykinin (30 nM) evoked rapid elementary Ca21 sig-
nals (Figures 2Ba and 2Bb) that were also confined to We investigated whether the elementary Ca21 release
sites were randomly distributed along the neurites. Toa small part of a neurite (Figure 2Bc). In addition to
triggering the early elementary events, the bradykinin do this, the distance from the midpoint of elementary
Ca21 release sites to the most prominent neuritic struc-stimulus eventually triggered a larger regenerative Ca21
signal that spread throughout the neurite (Figures 2Ba tures, the branch points, was measured (Figure 3A).
For both caffeine- and bradykinin-evoked elementaryand 2Bb). However, even though this regenerative signal
had substantially higher amplitude and persisted much events, more than 50% of all sites were found in close
proximity (z4 mm) of the branch points. Since the laterallonger than the bradykinin-evoked elementary Ca21 sig-
nals, it still remained localized and failed to spread be- spread of the elementary events is between z5 and 7
mm (Figure 2Cd), the majority of branch points are wellyond the branch point into adjacent neurites (data not
shown). within the diffusion range of elementary Ca21 release
Neuron
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Figure 2. Comparison of the Spatial and
Temporal Properties of Caffeine- and Brady-
kinin-Evoked Elementary Ca21 Signals
(Aa) through (Ac) and (Ba) through (Bc) depict
elementary Ca21 signals observed in adjacent
neurites of the same PC12 cell stimulated first
with caffeine and then with bradykinin (ago-
nist application is indicated by the bars in [Aa]
and [Ba]; there was a 5 min interval between
caffeine and bradykinin applications). The
line scan plots in (Aa) and (Ba) represent
[Ca21]i along the length of the neurites en-
compassing the elementary Ca21 release
sites. No activity was observed in these neu-
rites for 1 min either before or after stimula-
tion. The time courses of the elementary Ca21
signals are plotted in (Ab) and (Bb). The traces
in (Ab) and (Bb) were derived by averaging
[Ca21]i in narrow regions along line scan plots
in (Aa) and (Ba), as indicated by the horizontal
arrows (the numbers by the arrows corre-
spond to the numbered traces). The surface
plots in (Ac) and (Bc) represent elementary
Ca21 signals evoked by caffeine (Ac) or brady-
kinin (Bc) at the peak of each signal. The verti-
cal arrows in (Aa) and (Ba) indicate the times
at which the surface plots were obtained. (C)
gives average data for characteristics of caf-
feine- and bradykinin-evoked elementary
Ca21 signals. The data are mean 6 SEM (the
figures in the bars indicate the number of
events included in the average). p values cal-
culated by using Student's t test are shown
at the top of the pairs of bars.
transients. Note that the caffeine- and bradykinin- amplitude upon reaching the branch point (Figure 3Bd;
round symbols), leaving only a small nonregenerativeevoked elementary Ca21 signals arose in neurites with
average interbranch distances of 21 6 1 mm (n 5 200) Ca21i signal.
and 23 6 1 mm (n 5 103), respectively.
The branch points also played a key role in limiting the The Majority of Elementary Ca21 Release Sites
Contain both RyRs and InsP3Rsspread of regenerative Ca21 signals. A typical example is
illustrated in Figure 3B, which compares the propagation The Ca21 sparks originating from RyRs in cardiac and
skeletal muscle are usually much more rapid in theirof Ca21 waves along two different neurites in the same
cell. In one neurite, the Ca21 wave initiated close (z2 rising and decay phases than the Ca21 puffs that occur
via InsP3Rs in nonexcitable cells (Bootman and Berridge,mm; Figure 3Bb) to a branch point, while in the other
neurite, the Ca21 wave began more remote (z20 mm; 1995; Lipp and Niggli, 1996; Berridge, 1997). Since caf-
feine activates RyRs and bradykinin activates InsP3RsFigure 3Bc) from a branch point. At rest, Ca21i was similar
in both neurites (Figure 3Ba). During stimulation with in PC12 cells, we expected to observe marked differ-
ences in the time course of caffeine- and bradykinin-caffeine, Ca21 waves with equivalent amplitudes were
activated in both of the neurites (Figures 3Bb and 3Bc). evoked elementary Ca21 signals, akin to sparks and
puffs in other tissues. However, as illustrated in FigureIn the case of the Ca21 wave that began far from a
branch point (Figure 3Bc), the Ca21 signal propagated 2, the elementary Ca21 signals triggered by caffeine or
bradykinin were not significantly different. This surpris-isotropically away from the initiation site for .10 mm
(Figure 3Bd; square symbols). However, the Ca21 wave ing similarity hinted at the possibility that the clustering
or functionality of RyRs and InsP3Rs in the PC12 cellsthat initiated close to the branch point did not propagate
as evenly. Instead, the Ca21 wave rapidly declined in differed from other cell types. One plausible explanation
Elementary Ca21 Signals in Neurons
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Figure 3. Caffeine- and Bradykinin-Evoked
Elementary Ca21 Signals Largely Arise at
Neuritic Branch Points
The histograms in (Aa) and (Ab) depict the
distance of elementary Ca21 release sites
from neuritic branch points. For caffeine, 269
elementary Ca21 release sites from 29 inde-
pendent experiments were measured, and for
bradykinin, 111 elementary Ca21 release sites
from 23 independent experiments were mea-
sured. (B) illustrates the failure of a Ca21 rise
to propagate past a neuritic branch point. The
part of the neuritic tree of a single PC12 cell
at rest is depicted in (Ba). Stimulation of the
cell with caffeine (1 mM) evoked elementary
Ca21 signals in two nearby neurites. The ele-
mentary events triggered regenerative Ca21
signals that propagated outward from the ini-
tial release sites and showed a slight decre-
ment in amplitude as they traveled. The sig-
nals in the neurites several seconds after the
elementary events had been activated are il-
lustrated in (Bb) and (Bc). (Bd) is a plot of the
amplitude of the Ca21 signal in each neurite
as it propagated away from the initiation site.
The Ca21 signal that did not encounter a
branch point (green squares) propagated
equidistantly on either side of the initiation
site. In the other neurite, the Ca21 signal did
not propagate evenly (red circles) and dra-
matically decreased in amplitude upon reach-
ing a branch point (the location of the branch
point is marked by the dashed vertical line).
The inset traces in (Bd) illustrate the profiles
of the Ca21 signals at the corresponding dis-
tance from the initiation point (scale bar, 500
ms on the horizontal and 50 nM [Ca21]i verti-
cally).
for such observations was that the elementary Ca21 re- Ca21 release signals evoked by caffeine and bradykinin
at the two sites indicated is illustrated in Figure 4B. Thelease sites had a mixed composition of RyRs and
InsP3Rs. We therefore examined whether the caffeine- upper traces in Figure 4 show that one location (site 1
in Figure 4A) responded to both stimuli, while the lowerand bradykinin-sensitive elementary Ca21 release sites
were solely composed of either RyRs or InsP3Rs or ex- traces in Figure 4B indicated that the other location (site
2 in Figure 4A) was only sensitive to bradykinin. Forpressed mixtures of both channel types.
The experimental strategy adopted was to first test the former site (site 1), the inhibition of RyR function
completely suppressed any further response to caffeinethe PC12 cells for caffeine- and bradykinin-evoked ele-
mentary responses, and then to block RyRs by applica- or bradykinin (repetitive stimulation failed to evoke any
Ca21 release at this site). However, the other site (sitetion of ryanodine (10 mM) in the presence of caffeine (40
mM) for 5 min. This protocol was found to completely 2) was still responsive to bradykinin and displayed ele-
mentary Ca21 release events. The behavior of site 2 wasinhibit caffeine-evoked responses in control cells (data
not shown). Finally, the cells were retested with caffeine predictable, since InsP3Rs are not sensitive to ryanod-
ine, and therefore bradykinin-evoked elementary Ca21and bradykinin to examine whether inhibition of RyR
function had any effect on Ca21 release. signals would be expected to persist after the RyR inhi-
bition protocol. However, the response of site 1 wasA representative example of the effect of such an
experimental protocol on a single PC12 cell is illustrated more puzzling, since the responses to both caffeine and
bradykinin were abolished by ryanodine.in Figure 4. Application of caffeine or bradykinin evoked
elementary Ca21 release signals from eight different The cumulative data from five similar experiments with
83 elementary Ca21 release sites are presented in Fig-sites within this cell, two of which are marked (arrow-
heads) in Figure 4A. The time course of the elementary ures 4C and 4D (Ca21 release from a single site was
Neuron
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Figure 4. Ryanodine Inhibits Caffeine- and Bradykinin-Evoked Elementary Ca21 Signals
(A) and (B) illustrate a typical effect of RyR inhibition on elementary events. (A) depicts part of the neuritic tree of a single PC12 cell. Ca21
signals evoked by caffeine or bradykinin at the regions marked 1 and 2 in (A) are depicted by the correspondingly numbered traces in (B) (20
s interval between caffeine and bradykinin application). After testing for caffeine and bradykinin responses, RyRs were inhibited by application
of 10 mM ryanodine in the presence of 40 mM caffeine for 5 min. After a further 5 min of rest, during which time [Ca21]i recovered back to
the basal level, the responses to caffeine and bradykinin were tested again. (C) is a summary of results from 20 experiments with the same
protocol as that shown in (B). The data in (C) are more comprehensively presented in (D). The elementary Ca21 release sites were classified
based on their responsiveness to caffeine and/or bradykinin, both before and after RyR inhibition.
counted only once to avoid bias from particularly active Approximately 45% of the sites were solely responsive
to caffeine (type 2) or bradykinin (types 4 and 5), withsites). As illustrated in Figure 4C, caffeine-evoked ele-
mentary Ca21 release sites were completely suppressed the remainder being responsive to both agonists (types
1 and 3). All sites that responded to caffeine alone (typeby the ryanodine treatment. In addition, the number of
Ca21 release sites at which bradykinin-dependent sig- 2) and most of the sites that displayed both caffeine- and
bradykinin-evoked responses (type 1) were completelynals could be evoked was reduced by z75%. In controls
without ryanodine treatment, we found that caffeine- suppressed by ryanodine. Interestingly, a small propor-
tion of sites that responded to bradykinin alone wereand bradykinin-evoked elementary Ca21 release signals
could be restimulated at the same site with a high proba- also inhibited by ryanodine (type 5). Although the aboli-
tion of caffeine responses by ryanodine was predictable,bility (caffeine, 83%; bradykinin, 92%; data not shown).
Therefore, the failure to observe elementary Ca21 signals the inhibition of bradykinin-sensitive release sites was
surprising. These data indicate that there is a complexfollowing ryanodine treatment, as illustrated in Figure
4C, could not be attributed to the stochastic behavior pattern of InsP3R and RyR localization and that func-
tional cross talk between the two channel types under-of the elementary Ca21 release sites during repetitive
stimulation with low agonist concentrations. lies many elementary Ca21 signals.
A more sophisticated analysis of the effect of ryanod-
ine on caffeine- and bradykinin-evoked elementary Ca21
signals is presented in Figure 4D. In this figure, the 83 Integration of Ca21 Influx through Voltage-Operated
Ca21 Channels by the ER Increases Elementaryindependent Ca21 release sites were categorized by
their responsiveness to either caffeine or bradykinin and Ca21 Release Activity
One of the key properties of the Ca21 store in neuronsthe subsequent effect of ryanodine on the response to
both of these agonists. With these criteria, five different is its ability to function as a memory and integrator for
Ca21 entry signals (Simpson et al., 1995; Berridge, 1998).types of elementary site were characterized (Figure 4D).
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Figure 5. Effect of Store Loading on Sponta-
neous and Caffeine-Evoked Elementary Ca21
Signals
(A) depicts typical spontaneous (upper
traces) and caffeine-evoked (lower traces) el-
ementary events, pre- (left panel) and post-
(right panel) increase of the ER Ca21 load via
a 1 min application of 75 mM KCl. The line
scan plots illustrate the spatial profile of the
elementary Ca21 signals. The traces were de-
rived by averaging [Ca21]i in narrow regions
along line scan plots, as indicated by the hori-
zontal arrows.
(B±E) Averaged data showing the character-
istics of the spontaneous and caffeine-
evoked elementary Ca21 signals pre- and
post- KCl-induced Ca21 store loading. The
data are mean 6 SEM. The single and double
asterisks indicate p values of ,0.05 and
,0.01, respectively (calculated by using Stu-
dent's t test).
The ER is not simply a passive buffer for Ca21, but in- The effects of KCl-induced depolarization on sponta-
neous and caffeine-evoked elementary Ca21 signals arestead can progressively increase its Ca21 load during
activation of VOCCs and ROCCs, subsequently leading illustrated in Figure 5. Prior to KCl-induced store loading,
infrequent spontaneous (Figure 5A, upper left traces) orto an increased excitability of InsP3Rs and RyRs. We
therefore tested whether the properties of elementary caffeine-induced (Figure 5A, lower left trace) events
were observed in a few neurites. These same regionsCa21 release events could be modulated by increased
store loading. For these studies, we analyzed the effect also responded after depolarization (Figure 5A), usually
with a higher frequency of elementary events. In addi-of Ca21 store loading on both caffeine-evoked events
and the spontaneous events, since the latter became tion, other sites that did not show any Ca21 signals prior
to depolarization became responsive (Figure 5A). Similarconsiderably more prevalent following store loading.
The protocol employed for increasing the ER Ca21 results from 160 elementary release sites recorded from
ten fields of view containing 23 cells are summarized inload was to depolarise the cells using an external appli-
cation of 75 mM KCl. This treatment has previously been Figures 5B±5E. The amplitude, frequency, and time-to-
peak of both the spontaneous and caffeine-evoked ele-shown to open L-type VOCCs on the plasma membrane
of PC12 cells, trigger a substantial Ca21 influx, and in- mentary Ca21 signals were significantly modulated by
the increased store loading. The rate constant for decaycrease the Ca21 load of the ER (Reber and Schindelholz,
1996; Bennett et al., 1998). In the present study, such of the elementary Ca21 signals was not affected (Fig-
ure 5E).depolarizations increased Ca21i from basal values of
z100 nM up to levels of z500 nM. The Ca21 transients Application of caffeine at concentrations that elicited
global Ca21 signals with amplitudes similar to those in-rapidly declined to the baseline after removal of the
stimulus (data not shown). The duration of KCl applica- duced by KCl did not potentiate subsequent elementary
Ca21 signaling (data not shown). Therefore, the enhance-tion was always 1 min, after which we left the cell to
recover for 3 min before restimulation. ment of the elementary Ca21 signals after KCl treatment
Neuron
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Figure 6. Synchronization of Ca21 Release by
Increased Ca21 Store Loading
(A) and (B) illustrate the response of adjacent
neuritic regions to caffeine stimulation pre-
and post-KCl-induced store loading. The
traces in (Aa) and (Ba) depict Ca21 signals in
the same neuritic regions before and after
KCl. The circles in (Ab) and (Bb) mark the
regions from which the traces were obtained.
The stars in (Aa) denote the occurrence of
elementary Ca21 signals. The spatial profile of
the elementary Ca21 signal that can be seen in
trace 1 of (Aa) is depicted in (Ac). This signal,
and the elementary Ca21 event in trace 3 of
(Aa), were actually composed of several low-
amplitude events that progressively sum-
mated, as shown in (Ad). The times at which
the images in (Ab) and (Ac) were obtained
are shown by the vertical arrows in (Aa). (Bb)
through (Bd) show a sequence of images
taken at the times indicated by the vertical
arrows in (Ba). Following KCl-induced Ca21
store loading, the observed elementary Ca21
signals were larger, and the neighboring neu-
ritic regions showed concurrent Ca21 in-
creases (Be).
was most likely due to the action of a greater ER Ca21 low-amplitude, discrete Ca21 signals that progressively
summated over z15 s (Figure 6Ad). Note that the ele-loading rather than activation of Ca21-dependent pro-
cesses, such as phosphorylation, that modulate RyR or mentary events were confined to a small region of the
neurite (e.g., Figure 6Ac).InsP3R function.
After increasing the ER Ca21 load by KCl-induced de-
polarization, the Ca21 release activity was enhancedIncreased ER Ca21 Loading Synchronizes the
Responses of Adjacent Ca21 Release Sites (Figure 6B). The Ca21 release site that showed the great-
est activity prior to depolarization (trace 1 in Figure 6Aa)The data presented in Figure 5 (above) show that in-
creasing the ER Ca21 load potentiated the amplitude and was similarly the most responsive following depolariza-
tion (Figure 6Ba). This site displayed a single large-frequency of individual elementary Ca21 release sites. A
possible consequence of enhanced elementary activity amplitude elementary event followed about 20 s later
by a couple of smaller events that culminated in a regen-is that adjacent Ca21 release sites could become cou-
pled via the greater diffusion of Ca21 from one site to erative Ca21 rise (Figure 6Ba). The Ca21 signals in this
region appeared to entrain the adjacent sites, since thethe other. To examine this effect, a single neurite that
displayed multiple closely spaced elementary Ca21 re- neighbors also responded with substantial Ca21 signals
(Figures 6Bc±6Be). Interestingly, none of the Ca21 sig-lease events was chosen for analysis (Figure 6). Prior
to depolarization, caffeine evoked only a few uncoupled nals in this neurite propagated into adjacent neurites
(e.g., trace 4 in Figures 6A and 6B), showing the inabilitylow-amplitude elementary Ca21 signals (traces 1, 2, and
3 in Figure 6Aa). One of the sites was found to be the of Ca21 signals to easily pass branch points, as de-
scribed earlier (Figure 3). Reapplication of caffeine 10most active, displaying a slowly rising Ca21 signal (trace
1 in Figure 6Aa) that was actually composed of multiple min later, i.e., when the ER Ca21 load would have been
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Figure 7. Elementary Ca21 Signals in Cul-
tured Hippocampal Neurons
(A) and (B) illustrate elementary Ca21 signals
evoked by RyR or InsP3R agonists, respec-
tively (agonist application shown by the
closed bars). (C) illustrates the activation of
elementary Ca21 signals by quisqualate and
caffeine in the same region of a hippocampal
neuron. (D) depicts elementary Ca21 signals
occurring in the wake of KCl-induced depo-
larizations. The left hand panels illustrate the
regions within the neurites that were chosen
for analysis. The Ca21 signals that occurred
in the numbered regions are depicted by the
correspondingly numbered traces in the right
hand panels. Experiments with quisqualate
were performed in the simultaneous pres-
ence of 100 mM 6-cyano-7-dinitroquinoxa-
line-2,3-dione to block AMPA/kaianate and
NMDA receptors.
restored to normal, evoked Ca21 signals similar to those carbachol, KCl, or glutamatergic agonists (ACPD and
quisqualate) (Figure 7). The kinetics and amplitudes ofshown in Figure 6A (data not shown). The depolarization-
induced Ca21 store filling therefore enhanced the re- the elementary Ca21 signals in the hippocampal cells
were similar to those described above for PC12 cells.sponsiveness of the Ca21 release sites in a transient
manner. They were usually spatially restricted Ca21 increases
spreading z4±8 mM along the dendrites. Another simi-
larity between the hippocampal neurons and PC12 cellsElementary Ca21 Signals in Hippocampal Neurons
PC12 cells have been a widely used model for neuronal was that some regions of the hippocampal cells re-
sponded to either caffeine or metabotropic stimulation,signaling, as they resemble sympathetic neurons of the
peripheral nervous system. Sympathetic neurons can while other regions were sensitive to both (Figure 7C).
The elementary events in the hippocampal neuronsbe functionally and morphologically rather different from
neurons in the central nervous system (CNS). For exam- occurred at much lower frequencies and were much
less reproducible than those in the PC12 cells. The rea-ple, CNS neurons are embedded in the dense neuropil,
an environment in which connectivity is very different sons for this difference in activity are unclear but may
be related to the state of the hippocampal cultures. Infrom that of sympathetic ganglia. In addition, many CNS
neurons possess distinct morphological features, e.g., our earliest experiments, the hippocampal neurons were
plated at very low density to enable us to identify individ-spines, that are functionally important signaling com-
partments. In light of the significant differences be- ual neurons with the most ease. Under these conditions,
neither elementary nor global Ca21 signals were robustlytween sympathetic and central neurons, we investigated
whether elementary Ca21 signals could also be observed observed, despite application of various Ca21-mobil-
izing stimuli (caffeine, glutamatergic agonists, thap-in primary cultured CA1 pyramidal neurons.
Elementary Ca21 signals were seen in a proportion of sigargin, etc.). Increasing the density at which the hip-
pocampal cells were cultured caused a progressivecells (z10%, n 5 150) following application of caffeine,
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improvement in the ability to load and release their intra- cells, since homogeneous Ca21 signals arising from ei-
ther RyRs or InsP3Rs could be triggered. Instead, it ap-cellular Ca21 stores. One simplistic explanation for this
pears that the RyRs and InsP3Rs express variable sensi-observation is that the spontaneous synaptic activity
tivities for Ca21 release. Weak stimulation therefore onlythat occurs when the cells are cultured at high density
activates the most sensitive sites, giving rise to elemen-is necessary for the maintenance of functional Ca21
tary Ca21 signals (Figures 1 and 2), while stronger stimu-stores. In this case, it is plausible that the Ca21 stores
lation entrains all Ca21 release sites, causing them toof neurons in situ would be even more responsive, and
summate into a global signal (Figures 1A and 2B). Suchtherefore our observation of elementary events in 10%
stimulus-dependent recruitment of elementary Ca21 sig-of hippocampal cells represents a lower estimate of their
nals into global signals has been observed for RyRs incapacity for producing elementary events.
other excitable cell types, such as cardiac and skeletalOne of the most reliable methods of inducing elemen-
muscle, and for InsP3Rs in nonexcitable cells (reviewedtary Ca21 signals in the hippocampal cells was KCl-
by Bootman and Berridge, 1995; Lipp and Niggli, 1996;induced depolarization of the cells (Figure 7D). Appli-
Berridge, 1997). The amplitude and kinetics of the ele-cation of 60 mM KCl for 5 s evoked transient [Ca21]i
mentary Ca21 signals observed in the present study indi-increases in all hippocampal neurons. In most parts of
cate that such signals probably arise via the opening ofthe cells, such signals declined rapidly back to basal
a cluster of Ca21 release channels. The absolute numberlevels. However, in a few regions, elementary Ca21 sig-
of channels comprising such clusters is unclear, al-nals were observed in the wake of the KCl-induced Ca21
though estimates in other cell types based on calcula-rise. With repetitive depolarizations, the same elemen-
tion of the ionic flux underlying sparks and puffs havetary Ca21 releases were triggered, although the pattern
suggested from 1 to 25 channels (Cheng et al., 1993;of response differed between stimulations (Figure 7D).
Bootman et al., 1997a; Sun et al., 1998).Using field stimulation of the hippocampal neurons to
One intriguing difference between the elementaryload their Ca21 stores had a similar effect to that ob-
Ca21 signals observed in the present study and thoseserved with KCl.
in other cell types is that they largely arise from the
activation of clusters containing both RyRs and InsP3Rs
(Figure 4). This may account for the lack of significantDiscussion
differences in the properties of caffeine- or bradykinin-
evoked signals (Figure 2C). Analyses of Ca21 sparks andElementary Ca21 signals represent the building blocks
Ca21 puffs in other cell types have shown that these twofor global Ca21 signals, such as waves and oscillations,
types of elementary event have distinct differences. Inand also the means of producing spatially restricted
particular, Ca21 sparks have been found to be consider-Ca21 signals inside cells. Such elementary events have
ably more rapid in both rise and decay than Ca21 puffs,been observed in a wide variety of tissues, including
while Ca21 puffs usually display a greater spatial spread-cardiac, skeletal, and smooth muscle cells, in addition
ing than Ca21 sparks (z4±7 versus z2±3 mm) (Cheng etto nonexcitable cells (Bootman and Berridge, 1995; Lipp
al., 1993; Lipp and Niggli, 1994; Yao et al., 1995; Boot-and Niggli, 1996; Berridge, 1997). Previous evidence for
man et al., 1997b; Callamaras et al., 1998; Thomas et al.,elementary Ca21 signaling in neurons has come largely
1998). These observations suggest that the activation offrom electrophysiological studies of Ca21-activated mem-
clusters of either RyRs or InsP3Rs gives rise to kineticallybrane conductances, e.g., SMOCs and sAHPs (Mathers
and spatially distinct signals but that the activation ofand Barker, 1984; Marrion and Adams, 1992; Andreasen
clusters containing both types of channel evokes aand Lambert, 1995; Davies et al., 1996). We found that
ªmixedº type of signal. A particularly interesting result
with appropriate stimuli, both PC12 cells and hippocam-
was the inhibition of bradykinin-activated elementary
pal neurons displayed elementary Ca21 signals analo-
Ca21 release sites by ryanodine (Figure 4). These data
gous to those in other nonneuronal cells (Figures 1 and
indicate that some elementary signals are initiated by
7). It is very likely that elementary events such as those InsP3Rs but are amplified largely by RyRs. This situationdescribed in this study are responsible for the genera- is similar to that observed in portal vein smooth muscle
tion of SMOCs and sAHPs. cells, in which the activation of InsP3Rs evoked elemen-Elementary Ca21 signals were much less frequent in tary Ca21 signals that were actually identified as Ca21
hippocampal neurons than in PC12 cells, particularly in sparks (therefore arising from clusters of RyRs) (Boittin
naive hippocampal cells. This may be due to the fact et al., 1998).
that the PC12 cells exhibit a pronounced capacitative The switch from elementary to global Ca21 signals can
Ca21 entry (CCE) mechanism that maintains a substan- be achieved by increasing the stimulus concentration
tial ER Ca21 load even in the absence of depolarization (Figures 1A and 2B) or by enhancing the ER Ca21 load
(Clementi et al., 1992; Koizumi et al., 1998; Bennett et (Figure 6). Such loading of intracellular stores may be a
al., 1998; Koizumi and Inoue, 1998). The hippocampal particularly important mechanism for regulating neu-
cells did not appear to express CCE to any measurable ronal function (Berridge, 1998). The KCl-induced depo-
degree (similar observations were made by Shmigol et larization used in the present study is analogous to
al., 1994, but see Garaschuk et al., 1997); thus, their Ca21 bursts of synaptic activity or activation of ionotropic
stores were rather empty at rest and required loading by Ca21 channels; these stimuli all lead to an increase in
KCl-induced depolarization. the ER Ca21 load (Brorson et al., 1991; Jaffe and Brown,
The elementary signals were not caused by a patchy 1994; Miller et al., 1996; Garaschuk et al., 1997; Bennett
et al., 1998). The consequences of this loading are todistribution of Ca21 release channels within the PC12
Elementary Ca21 Signals in Neurons
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Experimental Procedurestrigger more frequent and larger elementary Ca21 signals
(Figures 5 and 6) and to promote the sensitivity of the
Cell Culturestores, such that global signals can be triggered (Figure
PC12 cells were grown in RPMI medium (GIBCO, BRL) supple-
6) (see also HernaÂ ndez-Cruz et al., 1997; Usachev and mented with L-glutamine, 10% horse serum, 5% fetal calf serum,
Thayer, 1997). The increased ER Ca21 load therefore 100 units/ml penicillin, and 100 mg/ml streptomycin and buffered
with 2.2 g/l NaHCO3. The cells were incubated in a humidified atmo-facilitates the communication on the nanoscopic and
sphere (95% air and 5% CO2) at 378C. Before use, cells were platedmicroscopic levels, i.e., within and between elementary
onto poly-L-lysine-coated 40 mm glass coverslips or glass cultureCa21 release sites. Such recruitment processes can re-
dishes (a kind gift from Mr. Kumazaki, Synapse and Dr. Watanabe,
sult in the generation of Ca21 waves that propagate over Tokyo Medical College, Japan) at a density of 5000 cells/cm2. Differ-
large distances. entiation of the PC12 cells was induced by reducing each serum
The majority of elementary Ca21 release sites were concentration by 50% and by adding 100 ng/ml NGF (7S fraction,
TOYOBO, Japan). The cells were maintained for at least 7 days inlocated close to neuritic branch points (Figure 3). Such
the NGF-containing medium before use. The medium was changedlocalization of the most sensitive Ca21 release sites is
every 2 days.significant, because branch points can be important de-
Primary hippocampal cultures were prepared from postnatal day
terminants of action potential propagation (LuÈ scher et 1 rat hippocampi using papain dissociation. Cells were grown in
al., 1994, 1996; Spruston et al., 1995). The failure of neurobasal medium plus B27 supplement with additional pyruvate
(1.0 mM) (Brewer, 1995). Initial plating was at a density of 64 cm2/action potentials at branch points can arise via a simple
hippocampus. For the first 3 days of growth, medium also includedelectrical impedance mismatch. In addition, however, it
10% fetal calf serum and 25 mM each of 2-mercaptoethanol andhas been demonstrated that increasing Ca21i facilitated
L-glutamate. Cytosine arabinoside (3 mM) was present between 1the failure of action potential propagation at branch and 3 days after plating. This procedure produced cultures in which
points (LuÈ scher et al., 1994, 1996). This inhibitory effect .90% of the cells had a neuronal morphology.
is due to the activation of Ca21-dependent K1 channels
or to Ca21-dependent Ca21 channel inactivation; both
Ca21 Imagingmechanisms serve to reduce the excitability of the neu-
For recording subcellular Ca21 signals, the cells were loaded with
ronal plasma membrane. It could therefore be envisaged 5 mM Fluo3-AM (PC12 cells) or 8 mM Fluo3-AM (hippocampal cells)
that elementary Ca21 signals could locally influence the for 30±40 min at room temperature (208C±228C). After a further 20±30
min for deesterification of the acetoxymethyl ester, the coverslipsCa21 concentration at such branch points and may con-
were transferred onto the stage of a NORAN Oz laser-scanningsequently reflect a mechanism by which neurons control
confocal microscope for Ca21 imaging (NORAN, Milton-Keynes, UK).the spread of membrane excitability within the dendritic
The cells were bathed in an extracellular medium containing (in mM):tree. Such a mechanism could be particularly important NaCl, 145; KCl, 5; CaCl2, 3; MgSO4, 1; NaH2PO4, 1.2; glucose, 10;
after increasing the ER Ca21 load, since the higher fre- and HEPES, 20 (pH 7.4). After loading the cells with Fluo3-AM, the
quency of elementary Ca21 signals would further de- cells had an almost homogenous resting fluorescence. Randomly
sampled neuritic areas had 97% 6 1.1% (n . 100) of the fluores-crease the chance of action potential propagation.
cence observed in branch points, illustrating that gradients betweenWe also found that regenerative Ca21 waves fre-
different regions of the neurites were not routinely observed.quently failed to propagate beyond branch points (Fig-
Fluo3 was excited with the 488 nm line of an argon ion laser, and
ure 3B). The mechanism underlying such failures is un- the emitted fluorescence was collected at wavelengths .505 nm.
clear but could result from dilution of the propagating The cells were scanned at 30 Hz, and images representing the
average of two or four frames were recorded for analysis. PostCa21 as it diffuses from the neurite into the proportionally
analysis of the recorded confocal images was performed offlinelarger volume at the branch point. Such dilution could
using a modified version of NIH Image.cause the amplitude of the advancing Ca21 wave to drop
Ca21 signals were deemed to be elementary events when they
below the concentration at which it can trigger further had an amplitude of at least twice the standard deviation of the
release. noise and a total lifetime of at least 260 ms, i.e., appearing in two
The role of Ca21 influx in neuronal Ca21 signaling is or more images. Although arbitrary, these parameters are quite strin-
gent and would be suitable criteria for detecting elementary signalswell established. Indeed, local Ca21 signals similar to
in other cell types (e.g., Cheng et al., 1993; Bootman et al., 1997a;those described in the present study, but which arise
Porter et al., 1998; Sun et al., 1998).via Ca21 influx, have been observed (Murphy et al., 1994;
To compensate for uneven distribution of the Fluo3, self ratios
Eilers et al., 1995; Petrozzino et al., 1995) and may be were calculated (Rs 5 F/F0), which were subsequently converted
particularly important in the function of dendritic spines into Ca21 concentration by using the following equation: [Ca21] 5
Rs 3 Kd/([Kd/(Ca21)rest] 2 Rs). The Kd of Fluo3 was taken to be 810 nM.(Denk et al., 1996). However, the functions of the intracel-
lular Ca21 store are much less understood. The observa-
tions in the present study indicate that the ER can gener- Acknowledgments
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